Background: Few studies have investigated vitamin D status in association with modifiable lifestyle factors and clinical characteristics among breast cancer patients, with no studies among Chinese women, who may be at higher risk of vitamin D deficiency. We aimed to evaluate circulating 25-hydroxyvitamin D (25(OH)D) levels in association with clinical and lifestyle factors among 1,940 Chinese breast cancer patients.
Introduction
Vitamin D is an essential nutrient, and plays an important role in calcium-phosphorus homeostasis, bone metabolism, immune function, and cellular growth, differentiation and apoptosis [1, 2] . Vitamin D is obtained from exposure to sunlight and through dietary sources including food and supplements. In recent years, epidemiologic studies have linked vitamin D deficiency with a number of adverse outcomes, including cardiovascular and cancer-related morbidity and mortality [3] [4] [5] [6] [7] .
Low circulating vitamin D levels may be associated with advanced breast cancer stage, and breast cancer recurrence and mortality [8] [9] [10] [11] [12] . Vitamin D plays a key role in bone health, and breast cancer survivors are at increased risk for bone loss and fractures, potentially due to cancer treatment long-term effects [5, 6] . In addition, low vitamin D status is associated with obesity, and weight gain is common among breast cancer survivors. Further, vitamin D deficiency is often unrecognized by clinicians [13] . Therefore, low vitamin D status is a particular concern among breast cancer survivors. However, few large studies to date have investigated correlates of vitamin D status, including modifiable lifestyle-related factors (e.g., obesity, physical activity) and clinical characteristics, among breast cancer patients, and studies were limited to Western populations [8, 12, [14] [15] [16] . Using data on 1,940 breast cancer patients originally recruited to participate in a large population-based case-control study conducted in Shanghai, China, we measured post-diagnosis circulating levels of 25- 
Materials and Methods

Ethics Statement
The study was approved by the institutional review boards of Vanderbilt University, Nashville, TN and the Shanghai Cancer Institute, Shanghai, China. Before interviews were conducted, written informed consent was obtained from all patients.
Study Population
Participants of the present study included breast cancer cases recruited to the Shanghai Breast Cancer Study (SBCS), a twophase population-based case-control study conducted in Shanghai, China. A detailed description of the case-control study methodology has been previously published [17] . Briefly, 3,454 incident breast cancer patients and 3,474 community controls were recruited into the SBCS between 1996 and 1998 (Phase I; 1,459 cases; response rate: 90.3%) and between 2002 and 2005 (Phase II; 1,989 cases; response rate: 83.7%). Cases who donated a blood sample and were followed for breast cancer outcomes were included in the present study (1,045 from Phase I (71.6%) and 897 from Phase II (45%)), as described previously [18] .
Data Collection
Information collected using structured questionnaires during inperson interviews included socio-demographics, medical history, family history of cancer, dietary habits, lifestyle habits (e.g., physical activity, smoking, alcohol intake), and reproductive history. Medical charts were reviewed to obtain treatment information including data on cancer diagnosis, tumor-nodemetastasis (TNM) disease stage, and estrogen receptor and progesterone receptor status. Weight, waist circumference, hip circumference, and height were measured by trained interviewers according to a standard protocol.
Women were queried regarding their regular physical activity habits for the previous ten years before their breast cancer diagnosis. Specifically, women reported the average duration (minutes/day) and the length of participation (years) for up to five exercise or sport activities. Total energy expenditure was estimated by the summation of energy expended in each activity reported using standardized metabolic equivalent values (METs)-hours/ day/year [19] . Participants were also asked to report the duration (minutes) they spent walking and cycling for transportation each day, and the duration (hours/week) they spent doing housework. Energy expenditure for non-exercise activities was estimated using the following standard METs: housework (2.0 METs); walking (3.3 METs) and bicycling (4.0 METs) [19, 20] . Total physical activity MET-hours/day was calculated by combining exercise/sport and non-exercise MET-hours/day.
Vitamin D Measurement and Definition
Circulating 25(OH)D concentrations were measured in stored plasma (280uC) via chemiluminescent Immunoassay (Heartland Assays, Inc. Ames, Iowa) [21] . Blinded quality control pooled samples (n = 45) and vitamin D standard reference samples (level 1) from the National Institute for Standards and Technology [22] (n = 20) were included. The inter-assay coefficient of variation for 25(OH)D measurements was 7.72% in our study samples and 
Statistical Analysis
Two women missing vitamin D measurements were excluded for a final analytic sample of 1,940 participants. Differences in socio-demographic and other characteristics of breast cancer patients by vitamin D status were evaluated using the KruskalWallis test for continuous variables and Chi-square test for categorical variables. Factors evaluated included: age at diagnosis, education, family income in Yuan, occupation, season of blood draw, time between diagnosis and blood draw, data source (i.e., SBCS phase I or phase II), menopausal status, TNM stage, estrogen receptor/progesterone receptor status, waist circumference, waist-to-hip ratio (WHR), body mass index (BMI), total physical activity in MET-hours/day, regular exercise (minutes/ day), walking for transportation (minutes/day), biking for transportation (minutes/day), ever regularly smoking (.1 cigarette per day for .6 months), ever regularly drinking alcohol (.1 drink per week for .6 months). Multivariable multinomial logistic regression models were used to calculate (1) age-and season-adjusted and (2) further-adjusted prevalence odd ratios (ORs) and 95% confidence intervals (CIs) for associations of clinical characteristics and lifestyle-related factors with vitamin D status (deficient, insufficient, sufficient (reference group)). In multivariable analyses, waist circumference, WHR, BMI, and total physical activity were categorized based on quartiles. BMI was also categorized based on WHO and Asian-specific cutpoints [24] . We also created a variable using duration of exercise and transportation physical activity (walking and biking) as an estimate of outdoor activity. Factors previously noted to be associated with vitamin D status or adjusted for in previous reports were controlled in further adjusted models, including education, SBCS study phase, BMI, total physical activity, menopausal status, TNM stage, and ER/PR status. As 25(OH)D levels were measured prior to initiation of radiotherapy and chemotherapy for most participants, we did not investigate associations between vitamin D status and breast cancer treatment. As a secondary aim, for a subset of participants with available data (n = 896, phase II cases), we investigated the association between two major comorbidities (hypertension and diabetes) and regular use of supplements that may contain vitamin D (calcium and multivitamins) in the past five years (regular indicated use $three times per week for .two months continuously). All statistical tests were two-sided and considered to be statistically significant if the P-value was ,0.05. All statistical analyses were performed using SAS software 9.3 (SAS Institute, Cary, NC, USA).
Results
The mean age at diagnosis of our study participants (n = 1,940) was 49.6 years (range: 22-77 years). Approximately 95% of blood samples were collected during the first 6 months after breast cancer diagnosis (74.3% within 1 month). The mean 25(OH)D concentration was 42.5 nmol/L (SD = 16.2). Approximately 23% of patients were classified as vitamin D deficient and 48% were classified as vitamin D insufficient. Only 28% of patients were classified as vitamin D sufficient. Data on receipt (yes, no) of radiotherapy, chemotherapy, and tamoxifen therapy were available for 1,784 (92.0%), 1,920 (99.0%) and 1,646 (84.8%) of participants, respectively. Excluding women who were missing data, 93.7% received chemotherapy, 36.2% received radiotherapy, and 67.1% received tamoxifen. ) was associated with vitamin D deficiency in both (1) age-and seasonadjusted models and (2) models additionally adjusted for education, SBCS phase, total physical activity, menopausal status, TMN stage, and hormone receptor status. For example, a BMI $27.5 kg/m 2 (vs. ,23 kg/m 2 ) was associated with a 57% increased odds for vitamin D deficiency (fully-adjusted OR = 1.57, 95% CI: 1.02, 2.42, P trend = 0.06). BMI was not significantly associated with vitamin D insufficiency status. Compared to a waist circumference of ,73.0 cm, a waist circumference of 73-,79 cm was inversely associated with vitamin D deficiency in both age-and season-adjusted and further-adjusted models. However, higher waist circumference (.79 cm) and WHR were not associated with vitamin D status. Associations for the central adiposity measures with vitamin D status were similar when BMI was included in the models (data not shown). Tumor characteristics and menopausal status were not associated with vitamin D status in age-and season-adjusted or further-adjusted models (data not shown). Table 3 displays prevalence ORs (95% CIs) for associations of physical activity, smoking, and alcohol drinking with vitamin D status. In age-and season-adjusted models, higher total physical activity in MET-hours/day was associated with reduced odds of vitamin D deficiency (P trend = 0.02), but was not associated with vitamin D insufficiency (P trend = 0.67). Results were similar in further-adjusted models. Regular exercise participation was not significantly associated with vitamin D status, however samples sizes were small as only 24.5% of breast cancer patients reported regular exercise prior to diagnosis (and only 7.2% reported $30 minutes/day of regular exercise). Walking for transportation was not significantly associated with vitamin D status, while biking for transportation was associated with a decreased odds for vitamin D deficiency (further-adjusted OR for $60 minutes/day (vs. none) = 0.56, 95% CI: 0.38, 0.82, P trend ,0.01). Biking for transportation was also associated with vitamin D insufficiency, however, only for women who biked ,30 minutes/day vs. none (further-adjusted OR = 0.53, 95% CI: 0.33, 0.87, P trend = 0.44). Smoking and alcohol drinking rates are low among women in Shanghai, and few breast cancer patients reported regularly smoking (2.7%) or drinking alcohol (4.3%). Ever smoking was associated with vitamin D insufficiency and deficiency (furtheradjusted ORs (95% CIs): 2.50 (1.07, 5.84) and 2.78 (1.11, 6.95), respectively). Alcohol consumption was not significantly associated with vitamin D status. We also conducted a multiple linear regression analysis with 25(OH)D as a continuous variable, and found similar associations for anthropometric factors, physical activity, smoking, and alcohol (Table S1 ).
Among SBCS participants who had information on supplement use and comorbidity history available (n = 896), we investigated associations between vitamin D status and regular supplement use in the five years prior to diagnosis (for supplements that may contain vitamin D), and history of diabetes and hypertension, two major comorbidities which have been shown to be associated with vitamin D status in previous reports [25, 26] (Table 4) 1.16, 3.47) , respectively). It should be noted that vitamin D supplement use was uncommon among women residing in Shanghai during the time of this study. Using data from a large prospective cohort study of breast cancer survivors in Shanghai (Shanghai Breast Cancer Survival Study), which includes 780 women from the present study, we found that 0.37% and 0.41% used vitamin D supplements at 6 months and 60 months after diagnosis, respectively. About 21% reported using calcium supplements at 60 months after diagnosis (calcium supplement use was only assessed at the 60-month interview in the Shanghai Breast Cancer Survival Study).
Discussion
In our study of 1940 breast cancer patients, the largest study to date, 23. Specifically for breast cancer patients, while some studies have reported on modifiable lifestyle-related factors in association with circulating 25(OH)D levels in multivariable analyses (i.e., adjusting for potential confounding factors) [8, 14, 16] , all studies were limited to Western populations. In our study of breast cancer patients, the first among Chinese women, we found that higher BMI was associated with vitamin D deficiency, as has been found in other studies of breast cancer patients [8, 14, 16] . These findings confirm the well-known associations of lower vitamin D levels with higher BMI observed in healthy adult populations [26] [27] [28] . Several mechanisms have been proposed to explain the association between obesity and vitamin D, including 1) increased requirement for vitamin D due to deposition of vitamin D in adipose tissue; 2) reduced exposure to sunlight due to lower outdoor physical activity levels; and/or 3) lower levels of 1,25(OH)D among obese individuals [29] . As weight gain after diagnosis of breast cancer is common among breast cancer survivors, our findings of increased odds of vitamin D deficiency among overweight/obese breast cancer patients indicates careful monitoring of vitamin D status and recommendations for supplementation and other lifestyle modifications to improve vitamin D status are warranted in breast cancer survivors.
We identified two studies that investigated multivariable associations between physical activity and vitamin D levels among breast cancer patients. Both included only one measure of physical activity (unclear if recreational or other types of physical activity) and observed that higher levels of physical activity were associated with higher vitamin D levels [8, 16] . In our study, we found that total physical activity and biking for transportation were inversely [29] . To date, evidence for a role of physical activity in modulating vitamin D metabolism is inconsistent [29] . Alternatively, physical activity may be an indicator of exposure to sunlight, which is a major source of endogenous vitamin D [29, 30] . The majority of women in Shanghai participate in outdoor exercise, as gyms are expensive and new to Shanghai. Regular exercise or participation in outdoor activity at 30 minutes/day was only non-significantly associated with vitamin D status in our study, suggesting women, and particularly breast cancer patients, may benefit from more outdoor exposure to maintain adequate vitamin D levels. It is not clear why biking for transportation, but not walking for transportation, was associated with a decreased odds of vitamin D deficiency. It is possible that it may be easier to avoid sun exposure while walking (e.g., through the use of umbrellas), however information was not collected on sunlight protection measures. Vitamin D supplementation is associated with circulating 25(OH)D levels [8, 16] . We did not specifically collect information on vitamin D supplementation in the SBCS, as use of vitamin D supplements was uncommon in Shanghai during the time period of this study. In a subset of breast cancer cases with information on select types of supplement use, we found that regular use of calcium supplements prior to diagnosis (which generally include vitamin D) was suggestively inversely associated with vitamin D deficiency (17% used calcium supplements), and regular use of multivitamin supplements was significantly inversely associated with vitamin D deficiency. To our knowledge, this is the largest study to date to investigate correlates of vitamin D status, including lifestyle factors, among breast cancer patients, and also the first study among Chinese women. Circulating 25(OH)D concentrations, which reflect both endogenous and exogenous sources of vitamin D, are known to be a valid and stable marker of vitamin D status [31, 32] . Additional strengths of this study include high quality data collection on lifestyle factors and clinical characteristics, including anthropometrics measured in-person according a standard protocol.
This study utilized existing data collected as part of a previous case-control study; therefore, post-diagnosis information was not available for most lifestyle factors with the exception of anthropometric measurements. In addition, vitamin D status was measured before initiation of radiotherapy and chemotherapy for many patients, which precluded our ability to investigate the association between cancer treatment and vitamin D status. Another limitation of our study is that we did not have a measurement of sunlight exposure and were unable to distinguish between indoor and outdoor exercise. However, the latter may not be a major concern in our study as the vast majority of women in Shanghai who exercise participate in outdoor exercise. We did not have information on vitamin D supplement use, and data on other supplement use was only available for 896 SBCS participants. However, adjustment for multivitamin use or calcium supplement use in this subset of participants did not alter associations (data not shown). Finally, vitamin D levels were measured shortly after diagnosis in our study, and this may have contributed to the lower 25(OH)D levels seen in our study as compared to other reports of breast cancer patients [8, 10] , as many women may still have been recovering from breast cancer surgery, and spending less time outdoors. However, it should be noted that vitamin D levels have been shown to be lower in the general population in China compared to the other countries, including the U.S. [28] .
In conclusion, in this large study of breast cancer patients, we found that vitamin D deficiency and insufficiency were common in Chinese breast cancer patients. Lower physical activity, higher BMI, and smoking were associated with lower vitamin D levels. Vitamin D deficiency is associated with many adverse health outcomes, and may be associated with poorer breast cancer prognosis. Our results provide support for recommendations to increase vitamin D levels among breast cancer survivors, f Additionally adjusted for exercise duration, walking duration (where applicable), and biking duration (where applicable potentially through vitamin D supplement use and healthy lifestyle changes. 
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